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THE COMPRESSIVE STRHK&TH OF DUEALUMIN COLUMNS 
OP EQUAL AITCJIE SECTION 
By Eugene E. . LuiidcLuist 

SUMliAEY , ■ 



Tliis report presents a chart giving the compressive 
strength, of .duralumin columns of equal angle section. The 
data' used in the construction of the chart were ohtained 
from various published sources and were correlated with 
theory in the range where secondary failure occurred. 

Appendices are included giving excerpts from Army and 
Navy specifications for duralumin and ■ approximate formulas 
for the properties of the equal angle section. 



INTEODUCTION 



In the present trend toward all-metal airplane con- 
struction there is an increasing need on the part of de- 
signers for charts giving the .compressive strength of va- 
rious open sections now frequently used as compression mem- 
hers in trusses and as stiffene'rs in stressed-skin struc- 
tures. At present, the only column chart in general use 
for open sections is the one 'for "duralumin channels first 
published "by the Army Air Corps (reference l) and repuh- 
lished in the hook entitled "Airplane Structures," hy 
Niles and Newell. 

In an effort. to compile additional charts of this 
type, the National Advisory Oomraittee for Aeronautics at 
Langley Field, Va. , made a study of the results of numer- 
ous column tests- reported in, technical literature. In the 
course of this study it was observed that the test data of 
references 2, 3, and 4 for equal duralumin angles were 
fairly consistent and that the column curves were general- 
ly similar to theoretical curves. piott ed from a formula 
given in reference 5, By the introdu'ct ion of an empirical 
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constant, the theoretical curves were raade to fit the 
points plotted from the tests. The present report devel- 
ops «. colunn chart for eq.ual duralumin angles "based upon 
the test data and the theory of the ahove-ment ioned refer- 
ences. 

Because tlie strength properties of the materials v.scd 
were not £;iven in any of the references containing test da- 
ta, sor»:e difficulty was experienced in reducing the test 
results to the results of a -specif icat ion material. In 
this connection, valuable assistance in the form of com- 
ments and data -was obtained from Dr. L. B. Tuckerman and 
Captain .S. IT . ' Petr-enlxd of .the Bureau. of Standards. The 
column chart, as "f irially c6nstructed, is int-ended to ap- 
ply, insofar as the-'strength properties are concerned, to 
material 'which 'conforms to Army Specification 57-187-1 - 
Type'B material, fiavy Specification .44T21 - Type B material, 
or to Navy Specification 47A3a - Type 3 material. Excorpts 
from these' Brpecificat Ions are given in Appendix A. 

for th'B convenience of designers, a list of approx- 
imate fornulas for the section properties of equal angles 
is given in Appendix B. 



SYMBOLS 

Symbols Used in the following Discussion 



b, width of leg, in. (See fig. l) 

t~ thickness ' of ■ leg., in. (See fig. l) 

t, length of column, in.- . ' 

p , radius of— gyration » in. 

S^ stress, lb. per sq.in'. 

c, coefficient of end fixity. 

B, Young's modulus, lb. per sq.in. 

0, Poisaon's ratio. • 

\, half-vave length- of wrinkle in an outstanding 
flange- or leg .of the angle, in'. . 

Additional Symbols . Used in App.endix B 

A, area of cross section, sq.in. 

X, distance of eg. from leg, in." (See fig, l) 

1, moment of inertia of cross section, int 
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TYPES of' "C01,UMN IA.ILURE 

Columns may fail in' anV of the following ways: hy • 
compression;' hy "bending; hy local wririkLing of some thin 
part; by twisting atout a longitudinal axis, which axis 
may or may not coincide with th:e centroidal axis of the 
column; or "by any comhinatibn of the" above types 'of fail- 
ure. ■ " 

Co mpr e ssion .- Compression failure is oharacterizecL 
'by a plastic flow of the material -in the' column. Ulti- 
mate strengths corresponding to this type of failure de- 
pend upon the dimensions of the column and the stress- 
strain curve for the material, but coiapression.' f-ailure is 
usue,lly. assumed to occur at* or' near the- yi©id-p-oint sttess. 

Bending .- An Suler ,' 'or ' long , column which deforms in- 
to a continuous curve from end to end is considered to 
have failed by bending. The stress at which this bending 
takes plac'e is given by the well-known Suler column- for- 
mula ■ . ■ - ■, X . . 

■•• s = ■ (I) 

..' .. . 

Local wrinkling and twistin g.- A column. of large tor- 
si onal , rigidity ,' but with very thin parts, may fail by a 
local wrinkling of -one ' of the thin. p.arts into waves of 
length 2\. If this thin part is an -outstanding flange 
or leg (see fig, 2) perfectly fixed at its base,' the min- 
imum c:*iiical wrinkling strdss is (references 5, eq..2) 

. S = 1.16 E i-^ ■ (3) 

b^ ■ • . ■ . 

It is pointed out' further in reference 5 that on account 
of elastic giving and imperfect fixity at the base of the 
flange ' or . leg, the coefficient in' eq.uation (2) is consid- 
erably reduced in any practical case. 

If the thickness of the heavy leg in S'igure' 2 is re- 
duced, the torsional rigidity 'is reduced and the .angle- ■ 
column twists appreciably under load. On account of this 
twisting the conditions in the thin leg become analogous 
to those in a flange, or leg, with reduced fixity. In the 
limiting case when the thicknesses of the two legs are the 
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same, the fixity at the tase of each leg 'becomes zero: 
X e.pproachea the length of the "columrL and we have what is 
commonly referred to as failure "by twisting. The critical 
stress for the cSonditlon of zero fixity at the "base of a 
compression flange, or leg, is (reference 5, eq.. 90) 



{DEST DATA AlTD DISCUSSION 



The colxtmh t e st a upon" e.q,ual duralujnin angles report- 
. ed in references 2, 3, and 4 were made with pin ends. 
Representative portions of these data have' been plotted in' 
Figure 3 and will "be summarized relative to .the types of 
f ai lur e , 

CnmTsre asion ." In the- tests of ref «ren6es_ 2 , 3, and 4 
no mention was m'ade of a compression type of .failure. !Bx- 
amination of the test dats-plctted in Figure 3 indicates 
that this type of . failure might have pccurrei at stresses 
of from 34, ceo to 3 6,000 pounds per scjuare inch. 

Bending .'- Except in the range where, secondary failure 
occufrfed, long columns -failed at the Euler load. It will 
be observed that the test points in Figure 3 scatter some- 
what but are, in general, above the Euler curve. These 
discrepancies are probably caused by a slight amount of 
friction in the pin ends and by the fact that S was, in 
some eases, higher than lO' pounds per square incli, the 
value for which the Euler curve was drawn. 

Combinations of compres sion, bending, w rinkling,, .and 
twi st ing,.- Any'typ.e of ..column failure* which is nf>t clear- 
ly either compresBicn or bending, comes under this general 
heading. A detailed discussion of— the test data concern- 
ing the esact types cf failure would be interesting but 
cannot be made because practically no infermation on this 
subject was given in the reports. Consequently, further 
discussion ofL-the type of-failure will be avoided and 
curves will be derived representing the test data. These 
curves will be baaed, upon theoretical, formulas where pos- 
sible. 
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In figure 3, below values of l/p equal to 80, the 
re-sults of te st s ' on c-olumns .de-sirgjiated - H,. 0,-. and P lie 
approximately on- a stxaigh.*;- l.iiie-i. =. T.hesjB .t.e-s.ts . (— . = 7,9- 

to" 9^9): represent two types', of failure^ iliaiiging' from 
■b.ending failure at aisout' I'/V = 80 to' 6ompr'e"ss"ion fail- 
ure at ■ "Approximately . l/p = 30. Froi ;-fciie'se d'at'&it" is 
concluded that a single, straigiit line 'and_'iruler curve will 
closely' def ine' thfe .strength of a duraliikln". column of equal 
angle. se,ct ion. up 'to" values of b/t of 10 or' perhaps 13. 

. PI ot. ting, tlje. critical twisting .stress as 'given by 
■ equation '(3)'" w'itli"' the f ollowing Slibetit'ut'lons 

« ■ 

. . , ... \...= .1 

.p ... ... 

■■■■ ^ 0.204 - (Appendix B, eq. 10.) 

<j ' 0*3! . . • 

E«-- =■ '-lO'''- lb, p-er sq.in,, 

the.dott.ed c'ur.V.es in. Figure 3 ar.e .obtained for val'ues of 
|- o.f. 14;, 17, :19.,. S.O., ahd 25, l Although these theopeti-. 

cal curves f or. .twi s.t'ing failure, agrefe falfly Well with the 
test data at large .values of' ^l/P they giVe. conservative 
stresses at low values of l/P, It was fbUnd by inspec- 
tion .that. the. test, .data could be. rejpresented very .well by 

eauatlon' .-(3) if X"' were assumed, equal to; — ~ — instead of 

. .. • . . 2". 62 . . . . . . ■ 

I. ..The solid .curves in Figiare 3. for fhe^^aMe"" val'ues of 

^ ware drawn, with \ = * All of. the-^xperimental : 

results- plot fairly wall jalong these curves except the. 
points for the- column designated S-3,' which "p.lot .bejow the 

curve for ^ = 14. These low points may be caused by dif- 
ferences- in .the properties of 'the material used in the 
tests of references 2 and 3 ,. or by inapplicability .of the 
formulas -for ela.sti.c fiailure -in thi's rjaglon of . fhe. "chart , 
Because no stress-strain ciir.ves wer.e. .gi.ven, no definite 
id-ea of the. rel.at.ive impo-rtanc'e ofrVtlies''e two f ac't.qi'^ "could 
be for-med.for this- case... . 

An .idea..cf the. import-ano-je .of Jfjipwing the strength 
properties of • the .c-olumn..materia.l .:inay'.be .obtained by c.dm- 
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paring the results of te sts .upon duralumin tuoes witli tlio 
results of tests upon duralumin angles -plotted in Figure 
3», It is not likely that a higher "form-factor," i.e., 
higher average stresses, would be developed in a duralu- 
min column of angle section than in a duralumin tube test- 
ed with the same ,l/P, neither of which fails locally. 
This apparent absurdity must, therefore, be caused large- 
.ly^ by. a difference in the properties of the materials, 
' 6bii$oquently , in the construction of the column chart for 
64113,1 dutaiumin angles the several sets of test data must 
be corrected for differences in th? properties, of the ma- 
terials. 

In Figure 3 the curves representing failure by twist- 
ing intersect the Euler curve rather tlian become tangent 
to it. This intersection Indicates an abrupt change in 
the type of elastic failure and at the lower stresses is 
borne ou1; by the test data, (Column N.) At the higher 
stresses, above the stress at which the straight line hav- 
ing b/t labeled "10 or less" becomes tangent to the Eu- 
ler curve, the trajisition from failure by twisting to 
failure by bending (the Euier type) is actually not so ab- 
rupt as the croBBi][ig of the theoretical curves would in- 
dicate, (Columns S-3 an'd i.) This phenbmehoh is caused 
by inelastic- behavior-' of the, material in. the. columns and 
must be taken into account in the construction of the col- 
umn chart for" values of b/t below 18, 

Some recent tests made by the Bureau of Standards up- 
on sheet 'duralumin furnished by the Katicnal Advisory Com- 
mittee for Aeronautics showed a marked difference in the 
shape of the Btress- strain curves taken normal and paral- 
lel to the direction 'of rolling. (See figs, 4 and 5.) 
Therefore,- if angles are made from sheet material the di- 
rection of the grain in the angle column must be ta^ren 
into account in the construction of the column chart, 

The importance of including stress-strain curves with 
the results of column tests cannot— be too strongly em- 
phasized.. Without them no account can be taken of the 
strength properties or tla.6' inelastic behavior of the ma- 
'terisl. in the analysis of test results. The Bureau of 
Standards has repeatpdly shown the necessity of including 
stross-strain curves of the inat'erial with the results of 
all tests on structures if the ro-sults a.ro to have a last- 
ing value. The failure to include those curves or to make 
any roforonce to the - strength properties of~ tho material 
"in rof orenco's 2", 3, and 4 has greatly reduced the' value 
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In the absence of tests on angle columns In vMcb. 
the propeTtie'S-jQ:f--.th6;. 'laaterla?.-. a:r.B;'jfcaovrji_ it trill, be _as- 
sumed that f o■3^ •ftoliimns- ;cojn-a-t3;uyst%£t .-of ax^y matajrial, anglq.- 
CQlumns with ■Tal'fte^s ..<j:f ^;.:;b,/t -to r.l2 .'will f.aij ;-a,fe th©: - • 
same stress ' as a tube lO-f -.-ihe s.aifte- ; . l/P, Upon th« ■ba^^^ -Q'^ 

..this- as sumption . tho;: re sul.ts qf .the- Bureau of; Stanl3,aj;.ds^;. ^ ;^ 
tests on tubes' which .couf:op.m t'o /ArJ5y:- SpecifiQatipnj^57-X^^ 
- Type B material, and .•to -ijavy .^pacification 44321 -.Type" ;3 

■ njaterial will be use-cL'; to give-. 'the. upper limit -.of the . - 
strejigth of duralumin: cG.lusins: -of --^angle secti-oji, having the 
same l/p as the 'tubs s» ,. 'and -the- cqlumn chart :Wi-ll be .con- 
structed far material hatVing the- strength properties re-- 
q.utred by these spe-c.i-f icati.<3Ji&, ■_ ■ it 

In Figure 6 a stress qf 33 ,00.0 pounds per square inch 
is taken as representing the probable minimum yield point 
: in compression in the di.T'ecti.on o,f ithe .grain -for- .duralu- 
min which just meets the' streng'bh .r equiremen't.s- of the - ■ 
above-mentioned Army and ITavy speci^fications* ..Uhis value 
was obtained from the tests made at the Bureau of Stand- 
ards' on -duralumin -.^fetsbeSj -jt^he- resul-ts of which have not 
yet been; publi'she.dv 'Also-, a straight line tangen't to the; 
Euler . Curve :.and p'a:s.'Si.vn:g through a :point ^-representing a 
s tr OS's .-..of: -51,000. p.-ou3Kds per .-squar.e 1.33,01^. at . l/P = 3.0 -is. 
used instead of.^the nStralght .-Irtiie ..ob.tained. directly from-- 
the teats- 03S '.-.ang3r:efs;'..- Bhls; -^iivQ;, vShowii as a -dashed line- 
in Pigur-es: ■3;;snd:-.Sv r-egres€iuts ;f airly. 'w^ll the results , of 
the above-menti"6ned Bureau of Standards . tes'fcs in this re-' 
gion. In view of the ■ uncertainty -of the test data onv'-;-- 
angles, it was not thought wo.rth. while in this paper toi'.:- 
use the curve which more closely represents the Bureau of 
Standards data, IThis line* as well as the horizontal 
line drawn at a stress of .'33', 000 pounds per square inch, 
is assumed to apply to equal angle columns only when the 
direction of the grain is parallel to the axis of the col- 
umn • 

IThen the direction of the grain is normal to the ax- 
is of the column, which may . some.times be the case, the 
solid line having b/t labeled "13 or less - - and 
drawn tangent; to : the Euler curve .from- a. stress of 34,500 
pounds per squaarre inch, all ' :■ l/P = 0.-. shQ).uld...'be used together 
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with tlie Iboirizoiital line drawn at " a" stress , of 28,000 '" 
po-ands per square inch. These lines Trere obtained from 
the results of the Bureau of Standards tests3y making a 
reduction to allow j approximately', for" the lower strength 
properties when the stress is normal to the direction of 
the grain. 

In drawing the curves of twisting failure allowance 
was made for the ^effect of • ilrelastic beliavior of the ma- 
terial and for possible differences in the projperties of 
the materials in the tests by assiiming \ = 1/2 in equa- 
tion (3), For values of b/t leSB'-than 19 the transition 
from the curves 'of failure by twisting to the curve of 
failure by bending (the Eulef • curve) is effected by- draw- 
ing straight lines tangent to ■ the "curves of twisting fail- 
ure from a point on the Euler curve at 'a-'-Btress -of ■11,500 
pounds per square inch, This point is' th6-p6int -of tan- 
gency of the Buler curve and. the gtriight line labeled 
"13 or less - - -." for valued of la /t gteater than 13 
no distinction regarding the direction of the grain in 
the angle is made in the column chart, 

■-'■In drawing the'luler curve and the curves of twisting 
failure it was assumed that E lO'' pounds per square 
inch and that- d =0.3, 

■Compression members in"- aircraft structufss usually 
have iome end fixity, A column. chart for aiiflss having 
c > 1 woul.d- therefore .be of more general value,- Such a 
chart has been constructed for c - 2' and ip' shown in 
Figure -7. In the construction of thls-chart the straight 
lines representing th^ upper ' limit s of ' the- column chart 
were drawn tangent to the Suler curve from their respec-' 
tive intercepts on the axis l/p = 0' in Figure- 6, but the 
curves representing secondary failure at larger b/t. ra- 
tios were plotted using the same equation as in Figure 6. 

LIMITATIOirS OF THE COLUMN OHASG? 



Because no stress-strain curves were included in- the 
reports contalliing test data on the strength of angle 
columns, it is impossible' to establish. the accuracy of 
the column chart of Fi-gure 6^f or the lower b/t ratios. 
It is estimated, hoWev'^r, that for material which conforms 
to the specification's of Appendix A the errors are proba- 
bly within 10 per cent. 
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file column chart of . Plgvire-.vTJ/must . "be understood to "be 
approzinate only, Whether the 'degree of end fixity in an 
airplane structure is BU9h-f^ha|.j.tiijs- chart for c = 3 may 
be used is a matter to "be determined "by special tests. 
Figure 7 has only "bean inclujied . hecauaB .a ...aoluiaii. chart jCor 
c >-..!. ;-might "be of more-.^eneral value than that for c = 1 

• ." The coluiim^charfcs.,p?..;I'ipures 6 and 7 hare "been con- 
Btructed for single angles ^a^gA. tji.e^. l/P, valu© s_have 
calculated using the minimuja| radius of . ^y-r^tipn, ..Ihere-. ; 
for& if two angles are -.rivetled togethe3;,.!rgi'eat'er ?.tr'e 

, may he developed. .If ang.ie si. .ar.e . , rivet ed''3.p^' sh^ 

might he done in .stressed-Bkin...BtpTj,ot'yir.oSy -grea^^K p:?..i(?ss 
strength will -he dovelo;^oa., depending' upon' tie "\condii'£oii8. 
of .failure in'the sho.e.t* .' .... . . T"' 

■ --^fiEGOMEiTSiLcioKS'' ■■ 

. ■ . - » .> .."ir. '-'.y *, -T i- f. " riff- - t* * "'*.r ■ ' '^'i *r T*. 

" ■ ■ ' • ;v V':.r,,f .'. Ic y;"'!/.-;.: .' 

It is appreciated that angles --df&v' in general-,-- not-as 
efficient as other , sections for compression members in 
t ru s i e s ■ ■ an d ' f of ■ s t if f eher s i n- s t r 6 s s & d-i^ Stei'n _ s t rub tiir e s ., _ 
■ 2* D r ■ • t'fii s '■ r Q a s bii ^' 6 1 ES^ s e c t ion s'- • o t '; v ar i- 6u s fehap e s ar 6 "■ f S*e- 
qu e n 1 1 y u s e d o ' ' S he 1^ e s t '-■ r e sili t s ' ' n o w av ai 1 ah 1 e •, ' ■ "lil t hdugS * 
covering a ^ride variety of shapes, are very scattered and 
incomplete. Consequently,, .a complete and systematic in- 
vestigation should he made-'-So -^fetahllsh design charts and 
formulas for^the more , common sections. When such tests 
are made the" re silits'"' should "be- -ctirril&ted-with the stress- 
strain curves for the materials and these curves included 
in the report presoriting' the•'-^|■suits*^-'■"U■n3:esB such pro- 
cedure is followed, the value of. the results will he 
greatly. reduQ^d. ... 

Langloy Memorial" Abronautlcial'"Lahorat6r"y,'' ■ ■ 

Hatlon'al Advis'ory'-' Commi^tfeB" for ' Aeronautics, ■■ ■ 
• -'^iangley field, V"a-. Mar c& ' l?, " 1932* .••■*'• 
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APPENDIX A 



Specif.lcatione 





Army 
57-187-1 
Type B 


Uavy 
44T21 
Type B 


Havy • 
47 A3 a 
Type 3 


Tensile ^trengtii, ITj. per 
sq..,in. (minimxun) 


55, 000 


55 » 000 


55,000 


Yield -point, It, per sq.in. 

• (minimiya) 
1 ■ 


40,000 


40,000 


42,000 



The yield point is defined in tliese specifications as 
tlie stress at ■wMch, th.e test specimen ^Ixows an extension 
of 0.002 Inch, per inch in excess of what would he comput- 
ed from Youne's modulus of elasticity for the alloy (10''') 
and the usual formula. 



For the purposes of this paper, it is assumed that 
these specifications are met only when test specimens are 
taken parallel to the direction of the grain, 

■• ■ APPENDIX Bv- 
Approximate Sormulas for the P'roperties' 
of the "Equal Angle Section 



Exact formulas for the section properties of angles 
are given in the various handlpooks. If the thickness of 
the. legs "be ass"amed to "be small compared to the width, ap- 
proximate formulas for the section properties may "be de- 
rived. These foriaulas are, for the 'equal angle section 
(see fig. 1 and list of symbols): 

A = 2 h t (4) 

X = k = 0.25 h (5) 
4 

I =1 = "b^ t = 0,208 h® t (6) 

1-1 s-2 24 
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^3-3 " " 0.08.3S. D^t (7) 



I. = i^-i- = , 0,333 h^'t ■ •-■ • (8) 



p = p 
1-1 a 



p 



/ TTT ^ = 0,204 13- (10) 



S-.3 ; V 24 

P = /y = 0.408 15 , (11) 

, . .4,-4... \ O J. ■ . .-. ; . 

■ - • .\ • ■ * . 

#. * -■.# I- ^ — ■ 

In the derivatipn of the ahove formulas it was assumed 
fjiat tlie 'angle was sqiiare aii the corner, ks in figure li 
■Jsually the .corner is ?ound:fd or carries a. siaall_ fillet, 
"but the error resulting from the use of the' approximate 
formul.?,? will Ije small in most, practical . cases > ^j* 

.■ When, determining the total load", it., is^recoinmended 
that thfe ■ approximate f6rn.ulae fol* P "be u'sed to obtain 
the allowable stress, but that this stress be multiplied 
by the actual area rather than by the area as given in 
equation (4). This method is ajialogous to that recommend- 
ed by E. A, iiiller for duralumin channels, (Heforence 1,) 
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Figs. 1,2 




i'ig.2 Angle of odd proportions in which local wrinkling might 
occur. 
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Fig. 3 
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Pig. 3 GolTraa chart sxunmarizing test data. 
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Fig. 4 



Stress - strain curve for sheet duralumin 0.011 inch thici: 
parallel to the direction of rolling. 
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Fig. 5 Stress - strain curve for sheet duralumin 0.011 incli thick 
normal to direction of rolling. 
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Fig. 6 



Note: 

This coltunn chaxt is for material 
which, conforms to the strength 
pro oer ties of; 

Anay specification 57-187~l-type B 
Navy specification 44T21-type B 
Wavy specification 47A38u-type 3 
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rig. 6 Colnnm chart for equal djaralxuain angles, c= 1. 
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Fig. 7 



Note: This col-umn chart is for 

material which conforms 
to the strength properties of: 
Army specification. 57-187-1-Type B 

Navy specification 44T21-Type ? 
V.pvy specification 47A3a-Type 3 




40 



60 



80 100 - 120 



140 



160 



180 



Pig. 7 Col-umn chaxt for equal dural-umin angles, c = 2 



